Through numerical calculations and Monte Carlo simulations, we examine the roughening behavior of a shadowing model, with lateral growth, for (2ϩ1)-dimensional systems. The results show that the roughening growth exponent ␤ϭ1 for growth and ␤ϭ0 for etching. For the Monte Carlo simulation of the growth model, tall columns are formed, and the correlation length obeys ϰ(tϪt 0 ) 1/z , with 1/zϭ0.93Ϯ0.1. For the Monte Carlo simulation of the etching model, we obtain 1/zϭ0, and the height-height correlation function H(r) is proportional to log(r) for rӶ. The results are compared to previous computational studies of shadowing and to experimental studies of sputter deposition.
I. INTRODUCTION
In deposition or etching processes, shadowing is often a factor in the evolution of the interface. In such processes, uncollimated particles are incident on a substrate and, upon contact with the substrate surface, either etch the surface or are deposited on it. Shadowing implies that a given point on the surface can receive fewer particles than other points, because nearby surface features block some of the incoming particles. This is illustrated in Fig. 1 . This sort of process is believed to be important in sputter deposition of thin films.
There have been several experimental studies of roughening in sputter deposited films. [1] [2] [3] [4] [5] [6] . As can be seen in Table I , a wide range of scaling exponents has been observed, and the observed exponents seem to depend on the experimental conditions as well as the deposition species. For example, You et al. obtained a value of 0.40 for the growth exponent ␤ and a value of 0.40 for the roughness exponent ␣ for sputter deposition of gold at 300 K, 1 while Wang et al. found that ␤ϭ0.42 and ␣ϭ0.89Ϯ0.05 for sputter deposition of molybdenum at room temperature.
2 Lee, Cahill, and Greene studied sputter deposition of silicon onto singular and miscut silicon substrates at 300°C and found ␤ϭ0.7Ϯ0.05 and ␣ ϭ0.80Ϯ0.05 for the miscut substrates and ␤ϭ0.6Ϯ0.05 and ␣ϭ0.85Ϯ0.05 for the singular substrates.
3 Le Bellac, Niklasson, and Granqvist studied the scaling of chromium films prepared by oblique sputter deposition at 300-330 K and found ␤ϭ0.98Ϯ0.1 and ␣Ϸ1. 4 They also found that the average column diameter obeyed ϰt 0.98Ϯ0.1 . 4 For sputter deposition of copper at 450 K, Eisenmenger-Sittner et al. found that ␤ϭ1/3, 5 while Karr et al. found, for sputter deposition of TiN at 750°C, that ␤ϭ0.25Ϯ0.07, and that the average mound separation was proportional to t 0.25Ϯ0.07
. 6 Both numerical calculations and Monte Carlo simulations of shadowing have been carried out, but so far, most of the theoretical studies have been performed in 1ϩ1 dimensions. [7] [8] [9] [10] [11] [12] [13] This is due to the extreme difficulty of studying nonlocal models, like shadowing, in 2ϩ1 dimensions. Yao and Guo proposed a continuum equation for shadowing growth in 2ϩ1 dimensions. 14 ‫ץ‬h ‫ץ‬t ϭٌ 2 hϩR⍀͑r,͕h͖͒ϩ͑r,t ͒. ͑1͒
The first term on the right-hand side of this equation is a condensation-evaporation term. The ⍀ in Eq. ͑1͒ is the exposure solid angle. The last term is a noise term. The numerical calculations, on a 96ϫ96 lattice, of Yao and Guo show that the interface width w increases linearly with time and that the column width grows as ϰt 0.33Ϯ0.02 .
14 However, their model does not include the possibility of growth normal to the local surface that occurs experimentally during sputter deposition.
In this paper, we examine a (2ϩ1)-dimensional continuum model of shadowing with surface normal growth and present a detailed Monte Carlo study of a discrete (2ϩ1)-dimensional shadowing model, with inherent lateral growth, similar to the (1ϩ1)-dimensional model of Roland and Guo. 11 Our results are compared to published experimental findings. We also examine the dynamic scaling behavior of etching in the presence of shadowing.
II. CONTINUUM MODEL OF SHADOWING
Here we use a continuum model in which the surface is described by a height function h(r,t), where t refers to time and rϭ(x,y). Further, we impose the periodic condition that h(xϩN,yϩN,t)ϭh(x,y,t) for a system size of NϫN. Shadowing growth and etching can be considered a special case of the nonlocal model that we recently studied. The first two terms on the right-hand side of this equation are the familiar smoothing mechanisms of condensation and evaporation and surface diffusion, respectively. The last term is the noise term, and the third term is a nonlinear term corresponding to flux reemission. The factor ϯͱ1ϩ(ٌh) 2 is present because the growth and etching are normal to the local surface. Here, the ''ϩ'' sign corresponds to a growth process and the ''Ϫ'' sign refers to an etching process. In this model, particles are labeled based on the number of times that they have collided with the surface. For example, an nth-order particle is a particle that has collided n times with the surface. If an nth-order particle collides with the surface, there is a probability s n of the particle sticking. If the particle sticks, it will either deposit on the surface or etch the surface, depending on whether the process is deposition or etching. If the particle does not stick, then it will be reemitted and go elsewhere. The flux of nth-order particles at a position r on the surface is F n (r,t) and can be found by the equation
where n is the unit normal, at position r, pointing out of the surface, n Ј is the unit normal at position rЈ, n rr Ј is a unit vector pointing from r to rЈ, and n r Ј r is a unit vector pointing from rЈ to r. Here P(n r Ј r , n Ј) is the probability per solid angle that a reemitted particle will go off in the direction of n rr Ј . Also, Z(r,rЈ,t) is equal to 1 unless there is no line of sight between the surface elements at r and rЈ or (n rr Ј •n) is negative, in which case Z is zero. Equation ͑2͒ can be used to describe many transport limited growth-etching processes. For example, we have recently proposed that plasma etch-front roughening corresponds to first-order reemission: s 0 Ϸ0 and s 1 ϭ1. 15 The case of shadowing corresponds to zeroth-order reemission: s 0 ϭ1 and s n Ϸ0 for nϾ0. In this case, Eq. ͑2͒ becomes ‫ץ‬h ‫ץ‬t ϭٌ 2 hϪٌ 4 ϯs 0 F 0 ͑ r,t ͒ͱ1ϩ͑ ٌh ͒ 2 ϩ, ͑4͒
where is the local polar angle and is the local azimuthal angle. Also, J(,)ϭR(,)͓sin (î cos ϩ sin ) ϩk cos ͔, where R(,) is the distribution of the incoming flux. We can see that F 0 contains information about the shadowing effect of the surrounding surface features, as well as the nature of the incoming flux. Unlike Eq. ͑1͒, our model includes growth normal to the local surface. Solutions to Eq. ͑2͒ are found by numerical integration.
III. DISCRETE MODEL OF SHADOWING
For the discrete model, the surface is again described by a height function h(r,t), where t refers to time and r ϭ(x,y). However, because the model we use is discrete, x, y, and h can take on only integer values. Furthermore, because h is single valued, this model does not allow for the possibility of overhangs. Finally, we again impose the periodic condition that h(xϩN,yϩN,t)ϭh(x,y,t) for a system size of NϫN.
A position in the x-y plane is chosen at random. This is used as the initial in-plane position for a particle that will etch or deposit on the surface. The initial height of the particle is taken to be max(h)ϩ1. A direction for the particle is then chosen, and the particle proceeds in this direction until it hits the surface. The distribution of directions is given by dP d⍀ ϭ cos . ͑6͒
Upon striking the surface, the particle sticks at the point of impact. However, if the particle hits the side of a column, it slides straight down until it hits the surface again, as shown in Fig. 2͑a͒ . This is exactly what happens in the model of Roland and Guo. 11 In this way, overhangs are prevented. Also, growth normal to the local surface is implicitly accounted for in this model. For etching, the simulation proceeds as for growth except that, when a particle hits a column, the height of the surface at the point of impact is decreased by 1. This is shown in Fig. 2͑b͒ ; an incident particle ͑1͒ impacts the surface and etches the surface at the point of impact ͑2͒. All particles ͑3͒ above the point of impact move down one space.
IV. NUMERICAL CALCULATIONS AND MONTE CARLO SIMULATIONS
For both the numerical calculations and Monte Carlo simulations, it is possible to extract quantitative information about the growth or etching process from the generated surfaces. A useful quantity is the interface width w, defined by
where h (t) is the average height of the surface at time t and ͗¯͘ denotes an average over the entire surface. We assume that
where ␤ is called the growth exponent. We define the autocorrelation function as
where rϭ͉r͉. For rϭ0, C(r)ϭw 2 . Note that we have assumed that the surfaces are isotropic. From the autocorrelation function, one can determine the correlation length , defined by C͑ ͒ϭw 2 /e. ͑10͒
We assume that
where z is called the dynamic exponent and t 0 is the crossover time. We can also analyze the power spectrum density, defined by
͑14͒
It is then useful to look at the location k 0 of the maximum in the circular average of the power spectrum. From this, we can find the average column width ϭ2/k 0 . We assume that the average column width behaves as ϰ͑tϪt 0 ͒ p . ͑15͒
A. Shadowing growth
The numerical calculations of the continuum equation were performed on a 128ϫ128 lattice, and we set and equal to zero. In Fig. 3 we show the surface morphology for the growth model at various times. The morphology consists of tall columns, and the distance between neighboring columns ͑of similar height͒ is large compared to the column size. To make this point more clear, we show, in Fig. 4 , a cross section of one of the surfaces. In Fig. 5͑a͒ , we plot the interface width w versus time t. We see a clear linear dependence of w on t, just as observed by Yao and Guo in their (2ϩ1)-dimensional numerical calculations.
14 Due to the small system size, we could not get reliable values for the dynamic exponent from the numerical calculations.
Because the Monte Carlo simulation is more efficient than the numerical calculation, 1024ϫ1024 simulations were run. The surface morphology, at various times, for the growth simulation, is shown in Fig. 6 . In Fig. 7 we show the cross sections of the surface morphology for various growth times. The cross-sectional morphology consists of columns that grow taller and wider with increasing growth time. This is the same type of morphology observed by Roland and Guo in their (1ϩ1)-dimensional simulations.
11 Note, however, that this morphology differs from the morphology seen in the continuum model; in the continuum model, the columns were spread farther apart ͑compared to the column size͒ than in the discrete model. The discrepancy is probably due to the fact that, in the discrete model, particles hitting the side of a column were allowed to slide down the column. In Fig. 5͑b͒ , the interface width w is plotted as a function of growth time t. There is a clear linear dependence of the interface width on time, which implies that ␤ϭ1. In Fig. 8 , we plot the correlation length and the column width as a function of growth time t, respectively. The correlation length appears to have a linear dependence on time, but does not intercept the origin. Fitting the function A(tϪt 0 )
1/z to the data gave 1/z ϭ0.93Ϯ0.1. The average column width shows similar time dependence, but it is much less clear whether this dependence is linear or not. The results that we obtain for the interface width are the same as the results obtained by Yao and Guo for the (2 ϩ1)-dimensional continuum model. 14 The linear increase of w is also seen in the columnar phase of the (1ϩ1)-dimensional discrete model of Yao, Roland, and Guo. 12 It seems clear that shadowing growth leads to a linear dependence of the interface width on time, but the situation for and is more complicated. Our values for are less reliable than our values for , but if we assume that surfaces at different times are statistically identical except for a scale change, then the exponent p should be equal to 1/z. We illustrate this point in Fig. 9 by showing the circularly averaged power spectra of the surfaces at different times, resealed by a factor of t 2␤ (tϪt 0 ) 2/z vertically and by a factor of (tϪt 0 ) Ϫ1/z horizontally. The fact that the power spectra overlap indicates that, while the surface features get bigger both vertically and horizontally, they do not otherwise change very much. Yao and Guo found that pϭ0.33Ϯ0.02 in 2ϩ1 dimensions.
14 This differs significantly from our value of 1/zϭ0.93Ϯ0.1, but Yao and Guo did not take lateral growth into account in their calculations. While lateral growth does not seem to affect the behavior of the interface width, it is reasonable to suspect that it would have a significant influence on the behavior of both the correlation length and the average column width. Yao, Roland, and Guo found that pϭ0.7 in 1ϩ1 dimensions and that pϭ1 in 1ϩ1 dimensions with a lateral growth term. 12 Our (2ϩ1)-dimensional Monte Carlo results are quite different from the (1ϩ1)-dimensional Monte Carlo results of Roland and Guo, in which they found that p ranges between 0.55 and 0.58, depending on the width of the angular distribution of the incoming flux ͑the maximum angle of the flux max was varied from 30°to 70°͒. 11 This supports the view that the scaling properties are not sensitive to the angular distribution of the incoming flux. In our simulations, we did not limit the angular distribution of the incoming flux ͑corresponding to max ϭ90°͒. Our value for 1/z (ϭ0.93 Ϯ0.1) is larger than the value of p ͑between 0.55 and 0.58͒ obtained by Roland and Guo. The discrepancy could be due to the difference in dimensionality ͑2ϩ1 dimensions instead of 1ϩ1 dimensions͒, or it could be due to the presence of other factors, such as surface diffusion or condensation and evaporation, in the simulations of Roland and Guo.
Our results for shadowing growth agree quite well with the experimental results of Bellac, Niklasson, and Granqvist. 4 However, in their experiment, the deposition was at an oblique angle, while in our simulations, the flux came from all directions. The growth exponents found by Lee, Cahill, and Greene, while significantly lower than the growth exponent found in our simulations, are significantly larger than 1/2. 3 This means that there must be a roughening mechanism present besides noise. Smoothing effects, such as surface diffusion, could only lower the exponent, but shadowing gives a growth exponent much greater than 1/2. Hence shadowing combined with a smoothing mechanism could result in a growth exponent greater than 1/2, but less than 1.
The growth exponents found by You et al. 1 and Wang et al.
2 differ greatly from our value, but, again, smoothing effects could be present. Also, other factors, such as the angular spread of the flux, will affect the exponents. The experiment of Eisenmenger-Sittner et al. 5 and the experiment of Karr et al. 6 give the smallest exponents. In those experiments, however, surface diffusion is probably the dominant mechanism.
It is clear that a large discrepancy exists between the sputter deposition experiments and our model. However, for most cases, other processes, such as surface diffusion, are also present. This can lead to a substantial lowering of the observed exponents, thus explaining the discrepancy. One might be tempted to assert that the shadowing effect should always win out over linear effects such as surface diffusion. While this might be true, the crossover time from diffusive to shadowing behavior can, for sufficiently high surface diffusion, be large enough to prevent shadowing behavior from being observed. Further, it is far from clear how other processes interact with a shadowing term. Another possibility is that, in some of the experiments, the film might be polycrystalline. For polycrystalline films, the grain formation process will affect the growth. For such a case, it is reasonable to expect that the scaling exponents would differ from the values predicted by a pure shadowing model.
B. Shadowing etching
The basic idea of the shadowing effect in sputtering growth is that the crest of the surface will receive more deposited atoms than the valley of the surface because the receiving solid angle at the crest is larger than that in the valley. Therefore the growth rate at the peak is faster than at the valley, which causes the growth instability. However, if one applies this model to an etching process, suggesting that peaks have a faster etching rate than valleys, one would expect stable growth with a growth exponent ␤Ͻ0.5. That is, shadowing is a smoothing mechanism for the case of etching.
For the numerical calculations of etching, a 128ϫ128 lattice was again used. The morphology for the numerical calculation is shown in Fig. 10 . We can see that the surface changes very little over the range of times covered in the calculation. In Fig. 11͑a͒ , we plot the interface width w versus time t in semilogarithmic scale. From the plot, we can see that w increases initially because of the noise, but eventually flattens out. This implies that ␤ϭ0.
The surface morphology for the Monte Carlo etching simulation is shown in Fig. 12 . The morphology, in this case, is rather unremarkable. For the etching process, the only roughening mechanism present is noise. Initially, the interface roughens due to the noise. However, the shadowing effect eventually becomes important, and the surface changes very little after that point. In Fig. 11͑b͒ , we plot, in semilogarithmic scale, the interface width versus time. After the initial noise regime, the interface width increases only slightly, and we see a linear dependence of w on log(t). This implies that ␤ϭ0. In Fig. 13 , we plot, in semilogarithmic scale, the height-height correlation functions for different times. There are two interesting features of this plot. First, H(r) is linear in log(r) for rӶ. This implies that ␣ϭ0. Second, all later height-height correlation functions (tу2.0ϫ10 8 ) almost overlap the last one shown. This confirms the fact that ␤ ϭ0 and also indicates that 1/zϭ0. These exponents have not been observed experimentally. However, in cases where shadowing etching might be present, such as plasma etching, the first order term in Eq. ͑2͒ can also play an important role. 15 It is a common belief that etching is the reverse process of growth. One can define an etching exponent ␤ e instead of the growth exponent ␤ g if the same mechanism works for both the etching and growth processes. Recently, we have discussed that all the well-known local growth-etching models give ␤ e ϭ␤ g , while for nonlocal growth-etching models, ␤ e ␤ g . 15 Our simulations have shown that for the shadowing effect, growth gives ␤ g ϭ1, while etching gives ␤ e ϭ0. This is consistent with the nonlocal nature of the shadowing model.
V. CONCLUSION
We have presented the results of (2ϩ1)-dimensional numerical calculations and Monte Carlo simulations of shadowing growth and etching. The numerical calculations and Monte Carlo simulations of etching produce rough surfaces that roughen with a growth exponent close to zero. Both the Monte Carlo growth simulations and the numerical growth calculations produce surfaces that consist of tall columns and roughen with an exponent of unity, in agreement with (1 ϩ1)-dimensional Monte Carlo simulations of shadowing growth and (1ϩ1)-and (2ϩ1)-dimensional numerical solutions of continuum shadowing models. The surface features coarsen laterally with an exponent close to unity, in contrast to other studies of shadowing growth that predict a smaller exponent. However, differences in dimensionality, or other more subtle differences in models such as the inclusion of lateral growth in our model, can account for this discrepancy. The shadowing growth results do not appear to agree with recent sputter deposition experiments. This is probably due to the presence of other factors besides shadowing in the experiments. It is also possible that, in some of the experiments, the shadowing effect is weakened. Thus it is clear that sputter deposition is not completely described by the shadowing effect. A more complete understanding of the role of shadowing in sputter deposition could be accomplished by varying the deposition parameters in order to find the conditions under which shadowing becomes dominant.
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